In this paper, a numerical study on flow characteristics in configurations of sudden expansion with central restriction and fence viewed as annular flow dump combustor has been carried out for Reynolds number (Re) ranging from 50 to 200, percentage of central restriction (CR) from 10% to 40% and aspect ratio (AR) from 2 to 6 with a fixed fence subtended angle (FSA) of 10 degree and with a fixed distance of fence from throat respectively. The effect of each variable on streamline contour and velocity profile has been studied in detail. Results have been compared with the configuration of sudden expansion with central restriction only. From the study it is concluded that the configuration of sudden expansion with central restriction and fence with higher flow Reynolds number, higher central restriction and higher aspect ratio offers more benefit in terms of the mixing possibility compared to the case of sudden expansion with central restriction only.
NOMENCLATURE

INTRODUCTION
Flow with recirculation through axisymmetric sudden expansion is of considerable interest to researchers because of their frequent occurrence in industrial applications. Among its many applications, particular mention may be made of the function as a diffuser, mixing chamber and combustor etc. When sudden expansion with central restriction configuration is viewed as an annular dump combustor, two reversed flow regions such as the corner recirculation zone and the central recirculation zone are formed. These recirculation regions provide the environment where the flow velocity is much lower than that of the free stream and prevents blown-off of the flame. Also these recirculation zones increases the mixing intensity which significantly influences on combustion efficiency. Therefore, in this research activity, we have become interested to study the flow characteristics of fluid passing through an annular flow dump combustor with some modification. The modification of the said configuration is considered by incorporating a fence at its post throat zone.
Since long, sudden expansion configurations and some modified sudden expansion configurations have been noted to be of interest of number of researchers. Some of them have considered the configurations as diffuser and some have considered as combustor or mixing chamber. From literature, it appears that the first work in the field of plain sudden expansion configuration was carried out by Macagno and Hung (1967) . They have carried out flow visualization studies in sudden expansions in axisymmetric flows for a Reynolds number range of 36 to 4500.Their results indicate that, at a Reynolds number of 36, clear cellular eddies are formed behind the sudden expansion and these are symmetric in nature. They have concluded that the flow remains symmetry at higher Reynolds number but the trapped eddy become progressively longer and less prominent. Durst et al. (1974) have experimentally reported flow visualization and laser-anemometry measurements in the flow downstream of a plane symmetric sudden expansion configuration in a duct with an aspect ratio of 9.2:1. They have noted that at the lower Reynolds numbers (Re = 56), the flow is very stable and the separation region behind each step are of equal length. But at the higher Reynolds numbers (Re = 114) the flow becomes less stable and two separation regions are of different lengths, leading to asymmetric velocity profiles. Cherdron et al. (1978) have used flow visualization and laserDropler anemometry measurements in symmetric two-dimensional, plane, sudden-expansion geometries, considering velocity measurements with an expansion ration of 2 and with an aspect ratio of 2. They have performed flow visualization experiments for aspect ratio of 1, 2, 4 and 8 and expansion ratio of 2 and 3. The results indicate that the cause of asymmetry lies in the disturbances generated at the edge of the expansion and amplified in the shear layer. The spectral distribution of the velocity fluctuations are quantitatively related to the dimensions of the two unequal regions of flow recirculation. Durst and Pereira (1988) have presented numerical prediction of laminar, steady, two-dimensional, backward facing step channel flow with an area ratio 1:1.94. Results are presented for three different Reynolds numbers of 10, 389 and 648. They have observed that for Re = 10 the separation starts at the bottom of the backward facing step and the separation region enlarges with time until the steady state flow pattern is reached. When Re = 389, a separated flow region is observed at the channel wall opposite to the step. They have performed the unsteady flow calculations for Re = 648, and the second recirculating flow region at the wall opposite to the step is observed. So and Ahmed (1989) have numerically investigated the characteristics of dump combustor flows. They have examined the effects of inlet geometry, step height, inlet turbulence and rotation on the flow fields inside the dump combustor. They have concluded that when all inlet geometries and flow parameters except step height are kept constant; the net effect of step height on the flow in the combustor is negligibly small. McManus and Bowman (1990) have investigated the use of flow control methods to improve the performance of air-breathing dump combustors. They have used a Reynolds number of 11770. They have considered a subsonic two dimensional dump combustor with two pairs of delta-wing vortex generators for upstream of the flow separation and streamwise vorticity in the flow. They have observed that the introduction of streamwise vorticity into the inlet flow of combustor causes the shear layer to become corrugated and results in a three dimensional flame structure. Schadow and Gutmark (1992) have experimentally studied combustion instabilities in dump combustors. They have used variety of dump combustors and bluffbody flameholder geometries, including twodimensional and axisymmetric dump combustors, side dump, cylindrical, and rectangular flame stabilizers. They have observed that the instability associates with the formation of large scale vortices in the mixing layer which coupled with the acoustic pressure to excite strong oscillations. Sheen et al. (1997) have experimentally investigated the flow characteristics in a modified sudden expansion configuration with central restriction in the inlet zone. They have used both flow visualization and laser Doppler anemometry techniques. They have observed four different flow patterns depending upon the value of the Reynolds number. These are open annular flow, closed annular flow, vortex shedding, and stable central flow. They have observed that a large central recirculation zone forms behind the centrebody, and reverse flow in the central core extend through the whole pipe when the value of Re is less than 230. Schreck and Schafer (2000) have studied bifurcation phenomena in channels with a sudden expansion. They have considered an expansion ratio of 1:3 and Reynolds number ranging from 70 to 105. A highly efficient parallel multigrid finite volume solver is used to study the complex three-dimensional flow behavior related to such effects. They have seen that at low Reynolds numbers the recirculation zones are fully symmetric and increase in size with increasing Reynolds number. After crossing the bifurcation point there exist a small and a large recirculation zone. With further increasing Reynolds number, the small zone first becomes smaller and finally remains constant in size, while the large zone continuously becomes larger. Pinho et al. (2003) have carried out to study the laminar nonNewtonian flow through an axisymmetric sudden expansion. They have used a diameter ratio of 1 to 2.6 and for Reynolds number from 0.1 up to order 200. They have assumed that the fluids are inelastic and shear thinning, and obey the power law model. The effects of shear thinning and Reynolds number are assessed. The variation of the recirculation length and the eddy strength are also quantified. They have observed that the normalized recirculation length decrease with shear thinning. They also have observed that the eddy strength reduces with shear thinning and also exhibits an asymptotic value at low Reynolds number. They have seen that at low Reynolds numbers, the flow is dominated by viscous forces and the local loss coefficient varies inversely with the Reynolds number. Chakrabarti et al. (2008) have carried out numerical simulation on the performance of a modified in low Reynolds number regime. They have incorporated a fence downstream to the sudden expansion region. They have considered the Reynolds number ranging from 20 to 100, and distance of fence from throat from 0.2 to 2 for the aspect ratio of 2, fence subtended angle of 10. They have observed that a sharp increase in average static pressure occurs at the section where the fence is located. They have concluded that sudden expansion with fence configuration always performs better than the configuration of simple sudden expansion. They have also concluded that, for best performance of the diffuser, the position of the fence should be located from the throat, at a distance of around 1 (with respect to inlet radius) for higher flow Reynolds number. Das and Chakrabarti (2011) have carried out a numerical study on the performance of a sudden expansion configuration with central restriction at its inlet zone. They have used Reynolds number is in the range of 50-200 and aspect ratio from 1.5 to 6 for 40% central restriction. They have concluded that the size of the recirculating bubble at corner region increases with increase in Reynolds number. Corner recirculation size also increases with increase in aspect ratio. At central region, the size of recirculating bubble increases with increase in Reynolds number. But, no appreciable change in the size of the recirculating bubble at the central zone is observed when aspect ratio increases. Fattah (2012) has experimentally and numerically studied fluid flow and heat transfer characteristics in the case of wall injection besides main flow through a circular sudden enlargement. In his configuration, injected flow is achieved through an annular slot of the vertical side wall. He has observed that the intensity of secondary flow in recirculation region decreases by increasing the injection flow rate. Kim and Santavicca (2013) have experimentally studied the combustion instability mechanisms induced by convective/acoustic wave interferences in a model lean-premixed swirl-stabilized gas turbine combustor with modified dump configuration. At the inlet zone of the dump plane, they have considered a mixing chamber with a centrebody which forms an annular cross section. They have observed that the forced flame dynamics are characterized by the strong interaction between the 'ring-shaped' reaction zone in the corner recirculation zone and the primary reaction zone stabilized at the inner shear layer. Tuncer et al. (2014) have experimentally investigated the stability and structure of lean premixed methane air flames in a swirl stabilized premixed dump combustor at atmospheric pressure. At the inlet of the dump plane, they have considered a 45 0 angled eight blades swirl vane which is installed on a 20 mm diameter centre body. They have observed two elliptically shaped counter rotating recirculation vortices behind the dump plane and a central recirculation zone just downstream of dump plane. As per brief review of literature, it is noted that a number of researchers have studied the flow through sudden expansion geometry or sudden expansion with some modification. However, it is realized that systematic study on flow characteristic in case of sudden expansion configurations with central restriction and fence is not addressed. Therefore it has motivated authors to study systematically the effect of Reynolds number, percentage of central restriction and aspect ratio on streamline contour and velocity profile of fluid passing through a sudden expansion with central restriction and fence configuration for a fixed magnitude of FSA and L f *.
MATHEMATICAL FORMULATION
Governing Equations
A schematic diagram of the computational domain for flow through sudden expansion with central restriction only and sudden expansion with central restriction and fence is illustrated in Fig.1 (a) and (b) respectively. The flow under consideration is assumed to be steady, two-dimensional and laminar. The fluid is considered to be Newtonian and incompressible.
The following dimensionless variables are defined to obtain the governing conservation equations in the non-dimensional form;
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RESULTS AND DISCUSSION
The important results of the present study are reported in this section. The parameters those affect the flow characteristics are identified as,
(1) Reynolds number, 50 ≤ Re ≤ 200 (2) Aspect ratio, AR = 2 to 6 (3) Central restriction from 10% to 40% (4) Fence subtended angle, FSA = 10 deg (5) Distance of fence from throat, L f * = 1
Variation Of Streamline Contours
The recirculating bubble occurs immediately downstream of the sudden expansion is encountered in many practical systems like chemical process industry, mixing chamber or combustor. An annular flow in a sudden expansion is characterized by two reversed flow regions; the corner recirculation zone and the central recirculation zone. These corner and central recirculation zones are used to enhance flame stability and, therefore, the size of the recirculation zone influences the performance of the combustor. Other factors such as the mixing between the fuel and air are likely also to exert a significant influence on combustion efficiency. Therefore, the detail study on the recirculation zone is included in this section. Figure 2(a) shows the variation of streamline contours for the configuration of sudden expansion with 40% central restriction for Reynolds numbers of 100, 150 and 200 for an aspect ratio of 2. From the streamlines, it is noted that separation phenomenon occurs just at throat section and it reattaches at distal location for all cases. At this maximum magnitude of central restriction, the size of recirculating bubble both at corner and central regions has been noted to be increasing with increase in Reynolds number. This can be reasoned as, for higher Reynolds number flow, the kinetic energy contribution towards the working fluid both at corner and central zones will be higher resulting in higher size of recirculating bubbles. Figure 2(b) shows the variation of streamline contours for sudden expansion with typically 40% central restriction and fence with FSA of 10 deg and L f * of 1 for Reynolds numbers of 100, 150 and 200 at aspect ratio of 2. From the figures, it is also seen that corner and central recirculating bubble size increases with increase in Reynolds number. The reason has been explained earlier. It is also observed that in this case two recirculating bubbles are generated at corner recirculation zone. This improves the mixing intensity. From Fig. 2(a) and 2(b), it is seen that at a particular value of Reynolds number, the length of the corner recirculation zone decreases in case of sudden expansion with central restriction and fence configuration compared to the configuration of sudden expansion with central restriction only. This happens because; the presence of the fence generates two corner recirculation zones which decreases the negative pressure zone and also reduces the total length of the corner recirculating bubble. When Reynolds number is fixed, the central recirculating bubble size increases in fence configuration compared to the configuration of without fence. The reason behind this is that the presence of fence causes increased diffusion which influences at corner as well as central recirculation zone also. percentage of central restriction.The corner recirculating bubble size increases with increase in aspect ratio but the influence on central recirculating bubble size is not remarkable when aspect ratio changes. From Fig. 5 (a) and 5(b), it is seen that at a fixed percentage of central restriction, Reynolds number and aspect ratio, the corner recirculating bubble size decreases and central recirculating bubble size increases slightly in case of fence configuration compared to the configuration of without fence. The reason has been explained earlier.
We begin this section with a brief discussion on the variation of velocity profile at different axial locations. The velocity field is important as it is directly related to stream function. To study flow with increase in aspect ratio. The compactness also increases at main flow and central region with increase in aspect ratio. Figure 9 (b) shows the variation of velocity profile at different axial locations for sudden expansion with central restriction and fence for aspect ratio of 2 and 6 with 10% and 40% of central restrictions at Reynolds number of 200. From the figure, it is observed that negative axial velocity at corner zone increases with increase in aspect ratio. The compactness at main flow and central region remains nearly constant when aspect ratio changes. From Fig. 9 (a) and fig.  9 (b), it is observed that the region of negative axial velocity at corner zone is less at fence configuration compared to the without fence configuration when all other considered conditions remains same.
CONCLUSIONS
The detail study leads to the following important conclusions:
i) The size of recirculating bubble at corner and central region increases with increase in Reynolds number and percentage of central restriction for both configurations. Corner recirculating bubble size increases with increase in aspect ratio. But, central recirculating bubble size remains constant during variation of aspect ratios. Fence configuration reduces corner recirculation zone but increases central recirculation zone compared to the configuration of without fence.
ii) For both the configurations, the region of negative axial velocity at corner zone increases with the increase in Reynolds number, percentage of central restriction and aspect ratio. The compactness increases at main flow region and central region with the increase in Reynolds number and percentage of central restriction. The region of negative axial velocity at corner zone is less when considered as fence configuration compared to without fence configuration, for a fixed percent of central restriction, Reynolds number and aspect ratio. This study reflects that the configuration of sudden expansion with central restriction and fence provides better corner region mixing for higher value of Re, CR and AR compared to without fence configuration.
